A new type of flow fingering instability was observed in monolayer-thick polymer films as they spread on a solid substrate. Tracing the movement of individual molecules by atomic force microscopy enabled us to follow the development of the flow instability on the molecular level and to understand the underlying physical mechanism. The fingering instability was observed to be triggered by conformational changes of brushlike macromolecules in response to the pressure gradient driving the flow.
Flow instabilities in liquid films impact coatings, lubrications, and microfluidics. In some applications, instabilities lead to uneven surface coverage, while in others instabilities act as new tools for surface patterning [1] [2] [3] and mixing enhancement [4] . The flow instability conditions are known for thick films where variations in viscosity, surface tension, and mass density [5] [6] [7] [8] [9] [10] as well as fluid inertial and viscoelastic effects [11, 12] can destabilize the flow. In molecularly thin films, however, because of the intimate coupling of the flow properties to surfaceconfined molecular conformation and dynamics, there may exist additional mechanisms that destabilize the flow [13, 14] . In this respect, a particularly interesting system is that of compressible monolayers wherein molecules change their conformation in response to variations of the film pressure. In such systems, the molecular conformation is coupled to the film thickness, hence the flow velocity, and the friction coefficient between the spreading monolayer and substrate. Here we report on a new type of flow instability triggered by conformational transitions of brushlike macromolecules as they spread on a solid substrate. The conformational transition segregates the flowing monolayer into two conformationally different phases and simultaneously leads to an abrupt decrease in the monolayer thickness of the down-flow phase. By tracing the movement of individual molecules, we are able to follow the evolution of the instability pattern on the molecular level and to understand the underlying physical mechanism. This finding presents the first example of the Saffman-Taylor-type instability [5] in compressible monolayers where the flow velocity is controlled by molecular conformation. The proposed mechanism is general enough to be observed in other monolayer systems wherein pressure-induced conformational transitions could occur [15] [16] [17] [18] .
In order to monitor the flow instability we carried out in situ observations on small drops (volume 100 pl and radius 50 m) as they spread on a solid substrate in a clean environment under controlled temperature and relative humidity. The liquid is a melt composed of brushlike polymers having a polymethacrylate backbone and poly(n-butyl acrylate) (PBA) side chains prepared by atom transfer radical polymerization [19] [ Fig. 1(a) ]. Like many other fluids [20] , the drop first spreads by generating a molecularly thin precursor film [ Fig. 1(b) ]. The film pressure decreases with distance from the drop center and eventually falls below a critical value, 0 , causing the molecules to change their conformation and leading to flow instability [21] .
The molecular details of the flow instability were studied by atomic force microscopy (AFM), a technique that allowed monitoring of the spreading process with molecular resolution [22] . Even though the mechanical contact between the AFM probe and sample affected the diffusive motion of single molecules, AFM was proved to be gentle in application to dense monolayers [22] . The particular advantage of the AFM technique is associated with its ability to monitor the flow process over a broad range of length scales from the sliding of the millimeter long precursor film all the way down to the movements of individual molecules within the film. Figure 2 The mechanism of the fingering instability can be explained with the following simple model. Consider a liquid monolayer sliding along the x axes over a flat substrate (Fig. 3) . Recently we have shown that the molecules in the precursor film move together collectively with the same velocity rather than individually in a diffusive manner [22] . Therefore, we limit the model to one-dimensional (1D) plug flow described by the following differential equation:
The left side represents the driving force, i.e., the gradient of the two-dimensional film pressure along the x axis, and the right side gives the friction force per unit area. Here, 0 is the friction coefficient of the film at the substrate and Vx is the sliding velocity. For 1D plug flow, the velocity does not depend on x; therefore, the pressure falls linearly with distance from the drop foot (Fig. 3) . It is important to note that, for monolayers, the film pressure is a combination of the van der Waals disjoining pressure and an additional pressure due to the surface-induced deformation of the molecular conformation. However, the contri- bution of the van der Waals pressure within brush monolayers is negligible compared to the polymeric pressure because the monolayer thickness practically does not change along the x axis. From the molecular area determined from AFM micrographs on mica, we calculated the thickness variation to be @h @x h @ @x 10 ÿ6 ; i.e., the film thickness decreases only by 0.1 nm along a 100 m long precursor film. This gives a van der Waals pressure gradient of about
where A is the Hamaker constant of order kT. In other words, the van der Waals disjoining pressure along a 100 m-long precursor film drops only by 0:01 mN=m, which is much smaller than the surface energy of PBA, 33 mN=m (the leading term in the film tension). Now, let us assume that at a certain pressure 0 molecules inside the film undergo a conformational transition. This results in partitioning of the spreading layer into two conformationally different phases [ Fig. 2(f) ]. As shown in Fig. 4 , the phase-boundary line moves along the spreading direction while phase 1 (higher pressure) continuously loses molecules to phase 2. Within phase 1, the molecules are more compact than in phase 2, leading to a larger number of molecules per unit area, i.e., 1 > 2 . The flow is stationary in the frame of the moving phase boundary leading to the following mass conservation condition:
where V 1 , V 2 , and V b are the velocities of phase 1, phase 2, and phase boundary, respectively. Since 1 > 2 , the flux conservation requires that molecules in phase 2 move faster than molecules in phase 1. This is seen in Fig. 4 as a sudden acceleration of the molecules as they cross the interface between phases 1 and 2. The velocity jump across the interface along with a possible change in the molecular friction coefficient results in a jump in the pressure gradient [Eq. (1)] destabilizing the phase boundary. The instability can be understood by considering small undulations at the phase boundary of amplitude x and wavelength (Fig. 3) . If the pressure drop across the boundary 0;2 V 2 ÿ 0;1 V 1 x is positive, the undulation will grow to form a fingerlike protrusion; hence, the term ''fingering instability.'' The finger growth is hindered by the stabilizing pressure ÿ ÿ x 2 due to the line tension ÿ which tends to smooth out any undulation at the interface. From the balance ÿ , one estimates the wavelength of the instability. A more rigorous linear stability analysis [24] shows that the maximum growth rate of the fingering instability occurs for a wavelength
The interesting result here is that the change in velocity alone can cause the flow instability. This distinguishes it from the classic Saffman-Taylor instability caused by the differences in viscosity between two phases in contact [5, 6] .
Let us verify the proposed instability mechanism. First, we confirm the flux conservation condition across the phase boundary [Eq. (2)] and then analyze the wavelength [Eq. (3)]. The quantitative analysis is enhanced by the molecular visualization which allows independent measurement of the molecular area (hence, the molecular density 1=), the molecular velocities in both phases V 1 and V 2 , and the finger wavelength . Table I summarizes the results obtained for three different flow velocities on graphite. Data sets A, B, and C were obtained for the same film at different stages of the spreading process, i.e., at different flow rates. Data set D was obtained on mica where the spreading occurred significantly faster than on graphite. In order to verify the flux conservation condition given by Eq. (2), we compare the molecular densities and flow velocities in phases 1 and 2. For example, one takes the numbers from the first row to calculate the density ratio 1 = 2 2 = 1 3:4 0:4 and to compare it with the ratio of flow velocities in the frame of the phase boundary
3:7 0:6. Within the experimental error, the ratios are the same, thus confirming the flux conservation.
Next, we determine the finger wavelength by measuring the average spacing between the fully developed fingers prior to tip splitting. As seen in Table I , the wavelength increases as the spreading process slows down demonstrating good agreement with Eq. (3). In addition, one can use Eq. (3) to estimate the characteristic finger wavelength . The line tension of the monolayer thick phase boundary can be estimated as ÿ h [25] , where 33 mN=m is the surface tension of PBA and h h 2 ÿ h 1 is the upper section of the boundary wall exposed to air. The h values were measured by AFM from the cross-sectional profile and also from the molecular area 1=h (both methods agreed). The mean friction coefficients 0 of PBA   FIG. 4 (color online) . Atomic force microscopy monitors the development of the fingering instability on the molecular length scale with a temporal resolution of 5 min. The height micrographs display one of the most silent features of the fingering instability, i.e., molecules in phase 1 (higher pressure) switch their conformation while leaving phase 1 to phase 2 (lower pressure). The light elevated spots due to intercrossed molecules facilitate the observation and also confirm the flux conservation [Eq. brushes against mica and graphite were determined from the known spreading coefficient S and the measured spreading rate D as 0
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D [22] . For estimation purposes, we assume that the friction coefficient does not depend on conformation, i.e., 0;2 0;1 0 . For the four studied spreading systems (Table I) , the calculated values fall around 2:6 1:6 m, which is of the same order of magnitude as the measured wavelengths . The error of arises mainly from the uncertainties in estimating the line tension and friction coefficient. This also keeps us from ruling out the possible contribution from the transitioninduced change in the friction coefficient in phases 1 and 2. As such, the abrupt change in the flow velocity induced by the conformational transition of the molecules is considered as a major cause of the observed fingering instability. a Four spreading systems were studied: A graphite=50, B graphite=50, C graphite=50, and D mica=25, where the substrate type (highly oriented pyrolytic graphite or mica) is followed by the number average degree of polymerization of side chains. On mica, the measurements were done at a relative humidity of RH 95%. b V 1 and V 2 are the flow velocities of phases 1 and 2, V b is the velocity of the boundary line. c 1 and 2 are the mean molecular areas in phases 1 and 2; d Mean friction coefficient per unit area of the film against the substrate (the experimental error is up to 50%). e Line tension between the two phases as estimated from ÿ h 2 ÿ h 1 , where 33 mN=m is the surface tension of PBA. f Characteristic wavelength of the fingers measured from AFM micrographs.
